| INTRODUCTION
Diabetic kidney disease (DKD) develops in~40% of people with diabetes mellitus and is the leading cause of chronic kidney disease worldwide. 1 Efforts are being made to understand the mechanisms behind the development of DKD and to identify which mechanisms could be beneficially modifiable with drug therapy.
Recent clinical trials have shown remarkable benefits of sodiumglucose co-transporter-2 (SGLT2) inhibitors in reducing cardiovascular and renal risk in people with type 2 diabetes [2] [3] [4] [5] [6] ; however, the modest improvement in glycaemic control, small decrease in body weight, and persistent reductions in blood pressure and uric acid levels observed in these trials do not point to a clear mechanism for this cardio-renal protection, indicating that other mechanisms are involved.
Increasing evidence suggests that dysfunctional renal mitochondria are pathological mediators of DKD. [7] [8] [9] [10] The diabetic milieu and inherited factors that underlie abnormalities in mitochondrial function are now considered to drive the development and progression of DKD synergistically. 11 The kidneys are mitochondrially rich, and at rest are the second-highest consumers of molecular oxygen in the body. 12 Mitochondrial dysfunction leads to a decrease in ATP production, alterations in cellular functions and structure, and the loss of renal function. 13 The ability of mitochondria to sense and respond to changes in nutrient availability and energy demand by maintaining mitochondrial homeostasis is critical to the proper functioning of the kidney. 13 A previous study in people with DKD identified a robust metabolomics signature that was consistent with reduction in mitochondrial function. 7 This metabolic signature, consisting of 13 metabolites, was found to be significantly and consistently reduced in people with DKD compared to healthy controls. Supporting this hypothesis are orthogonal approaches which have confirmed that there is dramatic alteration of mitochondrial content and mitochondrial biogenesis in the diabetic kidney. [7] [8] [9] Improving mitochondrial homeostasis and function has the potential to restore renal function. Experimental studies have suggested improvements in mitochondrial damage from SGLT2 inhibition. 14 In the context of these previous studies, we assessed the effects of the SGLT2 inhibitor dapagliflozin on a pre-specified panel of 13 urinary metabolites known to reflect mitochondrial function in people with diabetes and elevated albuminuria, in order to further understand the possible renoprotective mechanisms of SGLT2 inhibition.
| MATERIALS AND METHODS

| Study design and patients
This was a post hoc analysis of a completed clinical trial. The study design and primary outcomes have been described previously. 15 In short, a prospective, randomized, double-blind, placebo-controlled crossover single-centre clinical trial was conducted to determine the albuminuria-reducing effects of the SGLT2 inhibitor dapagliflozin. and complied with the Declaration of Helsinki and Good Clinical Practice Guidelines. All participants provided written informed consent before any specific study procedure commenced.
| Measurements
Blood and urine samples were obtained at baseline, in the beginning and at the end of the two treatment periods, as well as at the end of the washout period. These urine and plasma samples were stored at −80 C. Blood and urine samples from 31 participants were available for this study.
Urine and plasma samples were treated with pentafluorobenzyl hydroxylamine to oxidate ketoacids prior to lyophilization overnight.
Subsequently, the organic acids were extracted by liquid chromatography on silica (42% 2-methyl-2-butanol in chloroform). Solvent was evaporated and the dry residue was silylated with 300 μL of Trisil-N,O-bis (trimethylsilyl) trifluoroacetamide, and finally 1 μL of the reconstituted derivatized sample was injected into a 30 m × 0.32 mm column (Agilent DB-5; Agilent Technologies, Santa Clara, California) in an Agilent 5890 gas chromatogram, followed by elution using a 4 C/min gradient of 70 C to 300 C. Electron impact mass spectrometry using an Agilent 5973 mass selective detector was used to detect the metabolites. Each analyte was identified from the spectrum and the confirmed ratio of qualifying and quantifying ions. The integrated current from the quantifying ion was used to estimate concentration using standard curves with four to six calibration points. Peak areas were normalized to internal standards (4-nitrophenol or 2-oxocaproate added to samples prior to derivatization). Metabolites with results below the lower detection limit in more than two-thirds of all participants were excluded from further analysis in the present study. A combined average index of the metabolites was previously developed to produce a single-valued index, henceforth referred to as the Metabolomics Signature of Diabetic Kidney Disease (MSDKD) index. 7 To compute the MSDKD index per sample, the concentration of each of the metabolites was first normalized by subtracting its mean over the whole dataset (ie, for all time points and treatment groups), then dividing that value by its standard deviation (SD; also over the whole dataset), and then taking the average of the normalized metabolite concentrations.
| Statistical analyses
Analyses were performed using SAS version 9.3. Baseline characteristics with normal distribution were reported as mean and SD, characteristics with skewed distribution were reported as median and 1st and 3rd quartile, and categorical variables were reported as number and percentage.
UACR and metabolite concentrations were log transformed for analyses to account for their skewed distribution. P values were two-tailed and values <.05 were taken to indicate statistical significance. For individual metabolites, significance was assessed with the Benjamini-Hochberg critical value for a false discovery rate of 10% (P < .005).
The primary outcome for this study, the effect of dapagliflozin compared to placebo on urinary metabolite index, was determined with a mixed effects repeated measures analysis. The model included sequence, period, treatment and participant as factors, and baseline metabolite of interest as a covariate. All metabolites were log transformed before the data were entered into the repeated measures model. Pearson's correlation coefficient was used to calculate the correlations between eGFR, 24-hour UAE and the metabolites at baseline, during dapagliflozin treatment, and at the end of the dapagliflozin treatment period.
| RESULTS
The baseline characteristics of the 31 participants with available urine and plasma samples are reported in Table 1 . Adherence to study medication was excellent, with 97% of all doses being taken. in erythropoietin from baseline during dapagliflozin was 9.7% (95% CI -14.3 to 40.4; P = .45), change in haemoglobin was 0.09 (95% CI -0.12 to 0.31; P = .93), and change in haematocrit was 0.01 (95% CI 0.004 to 0.02; P = .04).
| Effect of dapagliflozin on individual metabolites
Baseline values of the metabolites are reported in Table 2 . In urine, all 13 of the metabolites were detected. After 6 weeks of placebo therapy, only one of the 13 urinary metabolites was significantly increased, whereas after 6 weeks of dapagliflozin therapy, 9 of the 13 urinary metabolites were significantly increased ( Figure 2] ).
In plasma, seven of the 13 metabolites were detected. There were no statistically significant effects of dapagliflozin on the plasma metabolites compared to placebo (Table 2) . Furthermore, no effect on the fractional excretion of the metabolites was observed.
| Effect of dapagliflozin on MSDKD index
After 6 weeks of dapagliflozin therapy, a significant difference in the urinary metabolite index was observed between placebo and dapagliflozin ( Figure 1A ). The urinary metabolite index increased by 42% (95% CI 8.5 to 85.6; P = .01) with placebo compared to 121%
(95% CI 69 to 189; P < .001) with dapagliflozin, resulting in a 56% increase in the MSDKD index (95% CI 11 to 118; P = .012) compared to placebo ( Figure 1B ).
| Effect of dapagliflozin on ketone bodies
Dapagliflozin significantly increased both urine 3-hydroxybutyrate and urine acetoacetic acid after 6 weeks of therapy (Table 2) . Compared to placebo, urinary 3-hydroxybutyrate increased by 41% (95% CI -6.5 to 112.9; P = .097). Urinary acetoacetic acid increased by 87% (95% CI 16.8 to 201.2; P = .011) relative to placebo.
| Correlations between changes in the urinary metabolite index and changes in clinical variables
Changes in the urinary metabolite index during dapagliflozin treatment did not correlate with changes in HbA1c (r = 0.21; P = .28), 
| DISCUSSION
In the present study we assessed the effects of dapagliflozin on metabolites previously linked to mitochondrial function in participants with type 2 diabetes and albuminuria. Dapagliflozin increased nine out of 13 urinary metabolites, resulting in an overall significant increase in the urinary metabolite index compared with placebo. Dapagliflozin did not change any of the detected plasma metabolites, nor were there any effects on fractional excretion of the metabolites, indicating that the effects on urine metabolites were kidney-specific and not a result of alterations in glomerular filtration. We hypothesize that SGLT2
inhibitors may improve mitochondrial function in the kidney.
Hard outcome trials with empagliflozin, canagliflozin and dapagliflozin consistently report remarkable reductions in cardiovascular and renal risk in people with type 2 diabetes. [2] [3] [4] [5] [6] The mechanisms behind this risk reduction, however, are still not completely understood.
One hypothesis to explain this organ protection is that alternative cellular fuel selection away from glucose improves the transduction of oxygen consumption into work efficiency at the mitochondrial level.
16
T A B L E 2 Baseline metabolite values and mean percent changes from baseline after 6 wk treatment with placebo or dapagliflozin Note: For baseline values, data are reported as median (1st and 3rd quartile). Changes after 6 wk of placebo or dapagliflozin are reported as the mean change (%) in 24-h excretion of the individual metabolite, derived by 100*(exp[least squares mean change]-1). The same transformation was applied to the 95% confidence limits. P values <0.005 were considered significant, with the Benjamini-Hochberg critical value for a false discovery rate of 10% (P value < (i/m)Q; i = rank, m = 25, Q = 0.10).
Because SGLT2 blockade induces a continuous glucose loss, a physiological adaptive response occurs to counter the continuous glucose drain. 17 These compensatory mechanisms include an increase in endogenous glucose production, partly through an increase in glucagon and a decrease in insulin levels. A decrease in insulin levels during SGLT2 inhibition has been hypothesized to increase ketone bodies in the kidney. 17 β-hydroxybutyrate produces ATP, that is, energy, more efficiently than glucose, leading to a sustained improvement in renal oxygenation. 18 In addition, the haemoconcentration that typically follows SGLT2 inhibition enhances tissue oxygenation, thereby establishing a powerful synergy with the metabolic substrate shift. These mechanisms would cooperate with other SGLT2 inhibition-induced changes (enhanced diuresis and reduced blood pressure), 19 which may contribute to renoprotection with SGLT2 inhibition. Indeed, circulating ketone bodies may also have anti-inflammatory beneficial effects, which can complement the "substrate-shift" hypothesis. 20 This shift in fuel selection from glucose to ketone bodies may lead to improved mitochondrial function. We observed significant increases in urinary The proximal tubules account for the largest amount of oxygen consumption in the kidney and contain a high density of mitochondria.
The proximal tubules depend on the efficiency of oxidative phosphorylation to produce ATP, which drives the active transport of glucose, ions and nutrients. 22 The ability of mitochondria to sense and respond Furthermore, structural changes in mitochondria have been shown to be correlated with changes in mitochondrial energetics. 25 Previous studies in diabetes and DKD have provided evidence that reduced AMPK activation, PGC1a reduction and mitochondrial dysfunction play pivotal roles in the development of DKD. 10 Using metabolomics and systems biology tools, this set of 13 urinary metabolites was found to be significantly and consistently reduced in people with DKD compared to healthy controls. 7 Specifically, these metabolites point to a marked reduction in organic anions, the TCA cycle, and amino acid metabolites, suggesting an overall reduction in mitochondrial biogenesis in the kidneys of people with diabetes and DKD.
Interestingly, the metabolites were found to be increased in urine but not in plasma, and no changes were observed in the fractional excretion of the metabolites, suggesting these metabolites may be kidney-specific responses to SGLT2 inhibition. As the kidney is dense in mitochondria, these findings support the hypothesis that SGLT2 inhibition activates mechanisms specifically in renal tissues. Moreover, the positive correlation observed with changes in the MSDKD index and change in erythropoietin after treatment with dapagliflozin suggest that improvements in erythropoietin are associated with improvements in mitochondrial function. A nonsignificant increase in erythropoietin after dapagliflozin therapy was observed, and increases in erythropoietin production may lead to better oxygenation of kidney tissue and mitochondrial function. How these observations translate to the long-term effect on renal function is unknown, as we could only evaluate the acute effects of dapagliflozin on these metabolites and erythropoietin. Further studies exploring the underlying mechanisms of the association between erythropoietin production and mitochondrial function are needed.
The present study has limitations. It was performed as a post hoc analysis of a short-term study. As such we were unable to investigate the long-term effects of SGLT2 inhibition on these metabolites. It is unclear whether the results would apply to the sustained effects of dapagliflozin on renoprotection. Kidney biopsies were also not performed in the present study, so direct measurement of mitochondrial structure and content could not be performed. There were no measurements of renal oxygenation or measurements of renal oxygen consumption. Although we postulate a kidney-related effect of these metabolites, it remains possible that these urine metabolites may not be specific to kidney energetics as opposed to whole-body energetics.
Future studies of mitochondrial function with the in vivo renal 31-phosphorus magnetic resonance spectroscopy and ex vivo mitochondrial functional and morphometric assessments from tissue specimens will be valuable. Our results should thus be regarded as hypothesis-generating rather than hypothesis-testing.
In conclusion, dapagliflozin significantly increased a panel of urinary mitochondrial metabolites closely connected to mitochondrial function. These metabolites were altered in urine but not in plasma, suggesting kidney-specific responses to SGLT2 inhibition. We hypothesize that improvements in mitochondrial function by reducing excess glucose uptake from luminal sources or decreased cellular workload will lead to improved tissue oxygenation and provide a mechanism for kidney protection. Future studies of longer treatment duration and clinical outcomes are needed to further investigate these hypotheses and confirm the clinical relevance of the present findings.
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